IMPORTANCE Improvements in endoscopic technology and reconstructive techniques have made the endoscopic endonasal approach (EEA) a viable option to approach ventromedial lesions in the region of the hypoglossal canal. Prior to contemplating this surgical corridor, a thorough understanding of anatomic relationships and landmarks is essential to safely approach this region of the posterior skull base through an EEA.
T he hypoglossal canals are paired channels in the occipital bone that transmit cranial nerve (CN). The intracranial, intradural orifice of the hypoglossal canal is located on the medial surface of the occipital condyle, with the extracranial orifice opening into the parapharyngeal space on the lateral surface of the occipital condyle. [1] [2] [3] Lesions involving the hypoglossal canal are rare but can include schwannomas, clival chordomas, petroclival meningiomas, jugulotympanic paragangliomas, or metastases. 1, 4 Transcranial approaches have been the standard operative approaches in managing these lesions, including the modified Fisch type A infratemporal fossa approach, the supracondylar approach, the extended posterolateral approach, the far-lateral approach (with transcondylar and/or transtubercular extensions), and the transjugular craniotomy. [4] [5] [6] [7] [8] [9] However, when a lesion involving the hypoglossal canal is located on the ventral surface of the brainstem or in the anterior aspect of the lower clivus, access to these tumors through traditional approaches can often result in manipulation of the lower cranial nerves, vascular structures, and the brainstem. This can be associated with high clinical morbidity and complications such as CNs X and XI palsies. 10 , 11 Benet et al 12 divided the surfaces of the brainstem into the ventromedial and dorsolateral compartments, which were defined as the spaces anterior and posterior to CNs VII through XII, respectively. Although the lateral, transcranial approaches are the primary accepted surgical options in approaching lesions in the dorsolateral compartment, there is no standard method for approaching lesions of the ventromedial compartment. [13] [14] [15] With continued improvements in endoscopic technologies and reconstructive techniques, the expanded role of endoscopic endonasal approaches (EEAs) has changed the operative paradigm in managing tumors of the middle and posterior skull base. 11, [16] [17] [18] In 2010, Morera et al 19 first described the far-medial EEA to the inferior third of the clivus, with lateral extension via the transcondylar and transtubercular approach to the hypoglossal canal. In this cadaveric study, an approach to the hypoglossal canal through a lateral extension of the inferior endoscopic endonasal transclival approach was described. 19 Of note, they described the supracondylar groove, an area on the superior surface of the occipital condyle formed by the insertion of the rectus capitus anterior muscle, anterior atlantooccipital membrane, and atlantooccipital capsule joint. This groove was proposed as a reliable anatomic landmark for estimating the position of the hypoglossal canal and its external opening, which is immediately posterior and lateral to the groove, respectively. 19 Since the supracondylar groove was identified and proposed as a reliable anatomic landmark, this approach to the inferior clival region and hypoglossal canal has been anatomically studied in a comparative analysis of the far-medial EEA and far-lateral transcranial, transcondylar approaches to the inferolateral clival region and craniovertebral junction, which confirmed initial reports that the far-medial endoscopic approach is an ideal operative technique for lesions ventromedial to the brainstem. 12 Additionally, the EEA approach to the inferior clival region has been successfully described in vivo in the management of a chordoma involving the inferior clivus, occipital condyle, and jugular tubercle. 12, 20 However, given the novelty of this approach, the nuances of the operative corridor and surgical landmarks continue to be refined and characterized. In this study, we postulated that sinonasal and nasopharyngeal anatomy could act as useful reference points in the endoscopic endonasal and far-medial approaches to the posterior skull base and craniovertebral junction. Through cadaveric dissection, we sought to further define the endoscopic endonasal approach to the hypoglossal canal while referencing nasopharyngeal and posterior skull base anatomy. We hypothesized that by using more anterior structures in this surgical window, such as the eustachian tube, consistent landmarks could be identified with successive progression posteriorly to assist in dissection of the inferolateral clival region and craniovertebral junction.
Methods

Anatomical Dissection Specimens and Endoscopic Equipment
Five latex-injected cadaver heads were obtained for the anatomical study, which was conducted in the North Carolina Eye Bank Multidisciplinary Surgical Skills Laboratory at the University of North Carolina. Endoscopic, endonasal dissections were carried out using 0°and 45°rigid rod-lens endoscopes (Stryker Corp), which were connected to an LED light source and a high-definition endoscopic camera (Stryker Corp). Endoscopic sinonasal and skull base surgical instruments (Medtronic), high-speed 3.0-and 4.0-mm diamond and cutting burrs (Stryker Corp), and a suction microdebrider (Stryker Corp) were used for the cadaver dissection. Cadaveric measurements were obtained using a 10-cm surgical ruler.
The University of North Carolina institutional review board approved this study.
Exposure in the EEA to the Middle and Inferior Clivus
Exposure consistent with standard EEAs was obtained in the sinonasal cavity to allow for a bimanual dissection, which has been well described. 16, [21] [22] [23] [24] [25] Bilateral dissection to the hypoglossal canal was performed in each of the 5 heads. First, the endoscope was advanced into the right nasal passage, immediately visualizing the right inferior and middle turbinates and nasal septum. The right middle turbinate was resected using turbinate scissors to increase instrument maneuverability. Next, to increase lateral exposure, a routine uncinectomy and ethmoid bullectomy were performed, which allowed visualization of the natural ostium of the maxillary sinus. Next, a complete anterior and posterior ethmoidectomy was performed, with wide exposure of the ethmoid roof and lamina papyracea. The sphenoid ostium was then identified on the right side, and a wide sphenoidotomy was performed. The endoscope was then advanced into the left nasal passage where the same steps were performed. The posterior septum was then disarticulated from the rostrum of the sphenoid bone, and the posterior 2 cm of the nasal septum was resected down to the hard palate. At this point, a wide surgical corridor was created, facilitating bilateral instrumentation via the 2-surgeon, 4-handed technique for the remainder of the dissection.
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Next, attention was turned toward identification of the bilateral paraclival and lacerum segments of the internal carotid artery (ICA), as the lacerum ICA represents the superolateral limit of the EEA to the hypoglossal canal. 19, 27 First, the vidian nerve was located, since it is a known landmark for locating the petrous ICA and lacerum ICA. 28 The vidian canal was identified by locating the intersection of the inferior and lateral walls of the sphenoid sinus with the medial pterygoid plate. The medial pterygoid plate leads to the pterygoid wedge, in which the vidian canal is centrally located. 28 The bone inferomedial to the vidian canal was then drilled bilaterally. This bone protects the vidian nerve and allows for safe exposure of the lacerum portion of the ICA. The paraclival segments of the ICA were also skeletonized to verify their location and prevent inadvertent injury. After achieving exposure of the superolateral boundaries of the approach to the hypoglossal canal, attention was turned to dissection of the posterior nasopharynx and inferior clivus.
With the lacerum segments of the ICA exposed, the remainder of the inferior wall of the sphenoid sinus was drilled back until it was flush with the clivus. A midline incision was made in the nasopharyngeal mucosa and musculature, which was resected or reflected laterally, exposing the pharyngobasilar fascia while avoiding injury to the eustachian tubes laterally ( Figure 1) . The pharyngobasilar fascia was resected from its attachments to the inferior clivus, revealing the longus capitus, rectus capitus anterior, and the atlantooccipital membrane, which were all resected or reflected laterally (Figure 1) . Now, the anterior ring of C1, atlantooccipital joint capsules, and alar ligament are visualized (Figure 2) . From the level of the lacerum segments of the ICA, the inferior clivus, medial to these structures, was drilled down using a 4.0-mm diamond burr until clival dura was exposed, ensuring not to violate the dural plane (Figure 2 ).
Approach to the Hypoglossal Canal Through Referencing the Eustachian Tube
At this point, the inferior clivus, foramen magnum, and atlantooccipital joint capsule were exposed. To better identify bony landmarks, the suction microdebrider (Stryker Corp) was used to remove excess soft tissue and open the atlantooccipital joint capsule bilaterally. The supracondylar groove was identified bilaterally based on descriptions provided by Morera et al 19 ( Figure 2) . Next, the transtubercular compartment in the jugular tubercle was identified as laying in the same plane as the superior edge of the torus tubarius in the anteroposterior axis ( Figure 3) . Last, the transcondylar compartment was identified based on the ventral surface of the occipital condyle. With clear anatomic boundaries of these compartments, the transtubercular compartment followed by the transcondylar compartment was drilled using a 4.0-mm diamond burr (Stryker Corp). Both compartments were drilled in a posterior to anterior direction to minimize the risk of slipping into the neurovascular plane immediately posterior to these compartments ( Figure 4) . The hypoglossal canal and its external opening were visualized from a superior and inferior aspect once the drilling was complete (Figure 4 ).
Intradural Exploration of Vertebrobasilar Anatomy and the Hypoglossal Nerve
The dissection proceeded posteriorly to reveal the retroclival, intradural anatomy of the vertebrobasilar system, and the lower cranial nerves. An incision was made in a posterior to anterior direction in the inferior clival dura, which was subsequently opened, revealing the vertebral arteries, vertebrobasilar junction (VBJ), basilar artery, and lower cranial nerves. Clival dura was resected using Kerrison rongeurs. The intradural component of the hypoglossal nerve rootlets was iden- 
Results
Understanding the Limits of Exposure in the EEA to the Middle and Inferior Clivus
Initially, we created a trapezoidal surgical window that was wider superiorly and narrower inferiorly (Figure 3 ). Defining the superolateral border of the approach, the mean distance be- 
The Eustachian Tube as a Landmark for Dissection
The supracondylar groove was related in the anterior-posterior plane to the eustachian tube orifice in the nasopharynx, where the distance between these structures on the anterior-posterior axis was 26 mm (SD, 1.4 mm) ( Figure 3 ). From midline, identified as a plane perpendicularly bisecting the sphenoid rostrum anteriorly and basion posteriorly, the distance to the superomedial edge of the torus tubarius was 9.8 mm (SD, 2.8 mm). Progressing posteriorly, the distance from the posterosuperior edge of the salpingopharyngeal fold to the anterior-most edge of the occipital condyle was 13.8 mm (SD, 0.82 mm) (Table) . Prior to drilling in the region of the hypoglossal canal, it was determined that the superior edge of the torus tubarius lay in the same plane in the anteroposterior axis as the jugular tubercle, thus demonstrating where to drill in the transtubercular approach to the hypoglossal canal (Figure 3 ). 19 Last, once both approaches to the canal were completed, the average distance between the intradural openings of the hypoglossal canals was 19.2 mm (SD, 5.5 mm).
Landmarks for Retroclival Intradural Exploration
First, the average height of the vertebrobasilar junction (VBJ) above the foramen magnum was determined to be 21.6 mm (SD, 4.92 mm) (Table) . From the VBJ, the hypoglossal nerve rootlets pierced the canal approximately 6 mm inferiorly and 8 mm laterally. Although difficult to quantify, the hypoglossal nerve rootlets passed directly posterior to the vertebral artery and are in close proximity to the posterior inferior cerebellar artery in the path to the canal. Additionally, the relationship of the abducens nerve to the VBJ was observed. From the VBJ, the mean distance to the origin of the abducens nerve was 3 mm inferiorly and 4 mm laterally.
Discussion
The hypoglossal nerve generally exits the brainstem as 2 nerve bundles that travel an average of 11 mm to enter the intradural opening of the hypoglossal canal, where they unite to form 1 nerve. 1, 29 Lesions and other pathologies involving the hypoglossal canal, ventromedial region of the foramen magnum, and inferior clivus have been historically difficult to surgically manage given the proximity of other critical structures such as the ICA, vertebrobasilar circulation, and lower cranial nerves. 1 With the advent of the EEA, surgical access to tumors involving the ventral surface of the skull base was revolutionized and continues to progress as our understanding of the surgical anatomy and operative technique continues to improve. 11, 16, 17 Anatomical References in the Operative Approach
In this study, we were able to successfully characterize the EEA to the hypoglossal canal through referencing anatomy of the nasopharynx and craniovertebral junction. First, through recording measurements of the operative window, we are able to understand the limits of exposure in this approach. This is particularly helpful when considering the relationship of the operative window to the size of the intended lesion that is being approached. By considering the dimensions of the operative window, it is possible to extend this window superiorly as necessary into the middle clivus to assist in surgical resection. Conversely, with an idea of the area of the operative window, it can be determined whether staged resection or combined approach would be more appropriate. Second, it was noted that the supracondylar groove, an osseous landmark previously established by Morera et al, 19 lay in the same plane as the superior edge of the nasopharyngeal orifice of the eustachian tube in the anteroposterior axis. By noting the average distance from the posterosuperior edge of the salpingopharyngeal fold to the occipital condyle in the anteroposterior axis, combined with the relationship of the eustachian tube opening to the supracondylar groove, we are able to fully relate the supracondylar groove to more anteriorly based structures. Additionally, it was identified that the superior limit of the torus tubarius lay in the same plane as the jugular tubercle on the anteroposterior axis, which is particularly important because this helps denote where drilling should occur for the transtubercular approach to the hypoglossal canal. Next, by noting the average distance of the intradural opening of the hypoglossal canal from both midline and the VBJ, we were able to determine an approximate lateral distance to guide in the drilling of the jugular tubercle to obtain view of the canal. Given the proximity of the jugular bulb and CNs IX through XI to the dorsal surface of the jugular tubercle, it is vital to use knowledge of the approximate distances to the hypoglossal canal, along with the assistance of neuronavigation and potentially Doppler and neural monitoring to prevent unintentional drilling through the jugular tubercle. Third, we successfully identified the relationship of the VBJ to the foramen magnum and internal orifice of the hypoglossal canal. With these relationships in mind, we were able to identify where it was safer to open dura in the midline and minimize risk of injury to vascular structures of the vertebrobasilar system. Additionally, by identifying the distance of the internal orifice of the hypoglossal canal from the VBJ, we are able to denote the level of lateral exposure required to obtain view of the internal opening of the hypoglossal canal, a critical step in approaching lesions in the intradural, ventromedial compartment.
Clinical Considerations of the EEA to the Hypoglossal Canal
Historically, one of the most common complications of the EEA was the high rate of cerebrospinal fluid leaks. The rate of cerebrospinal fluid leaks has been dramatically reduced with the introduction of vascularized, pedicled flaps, including the nasoseptal flap. 11, [30] [31] [32] [33] [34] However, there are additional biomechanical and vascular factors that must be considered prior to approaching the hypoglossal canal. Biomechanically, there are implications of drilling the occipital condyle. Perez-Orribo et al 35 investigated the biomechanical implications of ventral resection of the occiptocondylar joint on the stability of the craniovertebral junction during endoscopic endonasal approaches to the posterior skull base. They concluded that craniocervical fusion is indicated in patients who undergo greater than 75% anterior condylectomy. Of note, this study 35 concluded that a larger degree of resection is acceptable from an anterior approach prior to considering craniocervical fusion compared with an earlier study 36 that concluded that craniocervical fusion is indicated in patients who undergo greater than 50% posterior condylectomy. In the study by Morera et al, 19 it was noted that in relation to the condyle, the hypoglossal canal lies at the midpoint of the condyle, meaning that no more than 50% of condylar resection is expected to achieve access to the canal. However, it has also been noted that there are significant differences in the dimensions of individual occipital condyles and locations of the hypoglossal canal. Given these differences, it is crucial to always preoperatively assess these characteristics on radiographic analysis. 2 Prior to attempting the EEA to the hypoglossal canal, it is important to understand the level of condylar resection that is expected and always consider the potential need for craniocervical fusion. The vascular anatomy of the vertebrobasilar circulation must be well understood if the ventral approach to the hypoglossal canal will extend into the intradural compartment. In their study of computed tomographic angiograms, Ciappetta et al 37 demonstrated that the relationship of the jugular tubercle and the posterior inferior cerebellar artery varies significantly. Given that the occipital condyle and jugular tubercle lie close to the VBJ, their relationship can be further studied on preoperative computed tomographic angiography to avoid inadvertent vascular injury. Thus, it is crucial to appreciate the vascular anatomy before attempting the transtubercular approach in the EEA to the hypoglossal canal. Last, it is important to emphasize that while this approach provides direct surgical access to the ventromedial brainstem and minimizes manipulation of the lower cranial nerves and vascular structures compared with traditional approaches, thorough understanding of the neurovascular anatomy in this location is critical to avoid devastating complications if these structures are inadvertently transgressed. Extensive preoperative planning and use of neuronavigation should be standard practice in these operative scenarios but should not supplant the surgeons' anatomic knowledge.
Conclusions
The EEA to the hypoglossal canal provides a direct corridor for approaching lesions involving both the hypoglossal canal and the ventromedial space of the lower, lateral clival region, 
